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A B S T R A C T
Metallic nanoparticles loaded graphene nanocomposites have been widely studied for various scientific and
technological applications. In this study, a facile method was reported to realize a straightforward growth of
shape and size-controllable of metallic nanoparticles, and the subsequent hybridization with graphene in so-
lution by strategically coupling wet-chemical route and laser ablation. By mixing graphene oxide (GO) with a
tunable concentration level of polyvinylpyrrolidone (PVP) in aqueous solution, Ag nanocubes with a face-cen-
tered cubic crystal structure were generated by pulsed laser ablation and then mounted on GO nanosheets with
the assistance of PVP. The preferential adsorption of PVP to Ag (100) crystal face led to the production of Ag
nanocubes with exposed (100) facet. The result showed that the morphological yield of spherical particles de-
creased with the increase in PVP concentration. X-ray diffraction (XRD) and UV–visible spectroscopy analyses
confirmed that GO was partially reduced. In the reduction of CO2 gas, the photocatalytic conversion rate could
achieve 133.1 μmol g−1 h−1 in 6 hrs for cubic Ag-loaded reduced GO composites.
1. Introduction
The issue of CO2 emission has been a major concern in the world.
How to effectively convert CO2 into chemicals and fuels has been the
focus of research. The carbon in CO2 is in the highest oxidation state
and can be reduced to various carbon compounds, such as CO, methane
and higher hydrocarbons in gas phase, or methanol (CH3OH) and
formic acid (HCOOH) in liquid phase [1]. Catalytic reduction by solar
active catalysts serves as one of the effective methods for the reduction
of carbon dioxide [2,3]. As a typically photoactive metal material, Ag
nanoparticles have been widely used as a photocatalyst based on the
surface plasmon effect or as a co-catalyst for effective photogenerated
charge carrier separation, both of which have demonstrated to be
beneficial for photocatalytic reduction of CO2 [4]. For example, Zhou
et al. [5] successfully reduced CO2 to CO by electrochemical reduction
using polycrystalline Ag. Asi M. A. et al. [6] synthesized Ag/AgBr/
carbon nanotubes for photocatalytic reduction of CO2 to methane, CO,
methanol, etc. Various types of Ag nanostructures, such as sphere, rod,
wires and cube, have been chemically synthesized [7], among which
the cubic Ag nanoparticles able to deliver a stronger Raman signal than
the nanospheres and nanowires are of particulate interest. The re-
markable enhancement is mainly ascribed to more edges of cubic
structure, resulting in a higher intensity of local electromagnetic fields
[8].
Wet-chemical method has been usually used to fabricate cubic Ag
nanoparticles, but unfortunately it is easy to bring in complicated
procedure and inevitable by-products. In contrast, laser ablation is a
unique green manufacturing method for nanoparticle synthesis [9–11].
Upon laser irradiation on the metal surface with the assistance of sur-
factant directed stabilization, it is possible to design the structure of
metallic nanoparticle in different shapes. In addition, laser ablation
produces less by-products, which was firstly demonstrated by Fojtik and
Henglein [12]. Therefore, the quality of nanoparticles studied could not
be affected by these uncontrolled substances. During the selection of
surfactants that can adjust the structure of Ag nanoparticle, PVP is
deemed as one of the most popular surfactants due to its steric
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hindrance effect and strong adsorption to Ag nanoparticle, which con-
tributes to the fabrication of Ag nanoparticles in different shapes.
Meanwhile, PVP molecules interact with the substances generated by
laser ablation of metal surface to prevent them from agglomeration,
leading to the creation of stable nanoparticles in a controllable particle
size and shape [13].
Graphene is a multifunctional 2D materials showing diverse fan-
tastic properties, including large surface area, high electrical con-
ductivity, extremely high electron mobility, excellent thermal con-
ductivity etc. Besides, These similar remarkable characteristics also
enable easily prepared graphene oxide (GO) to be used in different
fields as a typical 2D material with high oxygen functionalities and
large specific surface area [14]. In the photocatalytic reaction, it is
proved that GO or reduced GO (rGO) can promote the separation pro-
cess of photogenerated electrons and holes, leading to higher photo-
catalytic activity [15]. Graphene-based materials can be used as scaf-
folds for the deposition of Ag nanoparticles. Under light irradiation, free
electron-hole pairs can be generated due to surface plasmon effect of
Ag. Typically, free electrons can transfer to graphene-based nanosheets
(e.g. graphene and rGO) that are highly conductive, by which holes and
electrons can be effectively separated.
In this paper, pulsed laser ablation has been developed to synthesize
Ag nanocubes loaded rGO composite from a PVP-containing GO solu-
tion. By adjusting the concentration of PVP, the size and morphology of
the Ag nanocubes deposited on rGO nanosheets can be tuned, and their
efficiencies in photocatalytic reduction of CO2 can be optimized.
2. Experimental
2.1. Materials
High-purity (99.99%) Ag plates (with a thickness of 0.6mm) were
purchased from Guoyu Electronic Material Factory (GY056) and used as
the targeted metal substrates. Before use, Ag plates were sufficiently
washed with DI water and ethanol. PVP K30 (molecular weight
~40000) were purchased from Sigma-Aldrich Corporation. GO, pre-
pared by chemical intercalation-thermal expansion method, was pur-
chased from Shanxi Institute of Coal Chemistry. The particle size of GO
nanosheet was distributed from 0.1 to 3.0 μm.
2.2. Fabrication of Ag loaded graphene nanocomposites
The Ag plate (25mm×25mm) was fixed at the bottom of a glass
vessel. Homogeneous PVP aqueous solution with a concentration ran-
ging from 4.5 to 180.2 mM) with well dispersed GO upon ultrasonic
treatment for 1 hr was employed to create a liquid environment for the
generation of rGO-Ag nanoparticle (rGO-AgNP) hybrid materials. The
height difference between water/air interface and the targeted plate
was about 2mm. A pulsed laser of the wavelength 1064 nm and pulse
width ~100 ns was used to irradiate the Ag plate at a repetition fre-
quency 20 kHz and constant power 24W. The ablation area on the
sample surface was 5mm×5mm for 20mins’ ablation. Here, a control
group is set as rGO-Ag-1, where the Ag plate was ablated only in GO
solution free of surfactant. In contrast, the desired composite material
named rGO-Ag-2 was prepared by filling the solution with an optimized
level of PVP concentration (180.2mM). The schematic of laser ablation
on Ag substrate in GO aqueous solution is shown in Fig. 1.
After the laser ablation, the nanocomposite dispersions were wa-
shed with ethanol and recovered by centrifugation at 15000 rpm. The
sediment was dispersed in ethanol and sonicated for 10mins to repeat
the wash. After five-cycle washing, the samples were collected and
dried under vacuum at room temperature.
2.3. Photocatalytic reduction of CO2
The process of photocatalysis for CO2 reduction was conducted at
airtight stainless photocatalytic reaction kettle (Shanghai Guigo
Industrial Co., Ltd, volume, ~400mL), at a pressure of 0.2 MPa filled
with CO2 and temperature of 318.5 K. Thus, 50mL of deionized water
was stored at the bottom of the chamber as hydrogen source by con-
tinuously stirring during the whole process. In the step of lightening,
300W Xenon Lamp (Beijing Zolix) worked for 6 hrs. Then the final
product was extracted for 50 μL and injected to the Flame Ionization
Detector (FID) of gas chromatography (GC 9790 Fu Li Co., Ltd) for the
composition analysis of the gas mixture. The yield of CO directly re-
flects the CO2 reduction rate, which can clearly indicate the photo-
catalytic performance of the as-prepared samples. Herein, Ag nano-
particles and graphene oxide were set as pure substance control groups.
The composite rGO-Ag-1 was Ag nanospheres combined with reduced
graphene oxide free of surfactant stabilization, and rGO-Ag-2 was Ag
nanocubes with reduced graphene oxide by the surfactant directed
fabrication in an optimized level of PVP concentration. Each group of
samples was measured three times after 6 hrs' reaction period. Finally,
the average value was used to evaluate the photocatalytic performance
of CO2 reduction for as-prepared samples. CO collected by a strip is
obtained by photocatalytic reduction under the illumination wave-
length 310–700 nm, 500 μL of which could be extracted by a syringe.
The percentage of CO could be detected by gas chromatography to
calculate the reaction rate of photocatalytic reduction of CO2. Herein,
the pressure is set as 0.2 MPa, the density of CO2 is 3.6 Kg/m3, the
volume of the gas used is 400mL, and the mass of CO2 is 1.44 g.
2.4. Material characterization
Analysis of particle size and morphology is performed by scanning
electron microscopy (ZEISS SUPRA 55) to obtain size distribution of
particles. GO-Ag nanocomposites obtained were deposited on silicon
wafer, which was further dried at room temperature overnight. Further
structural analysis of Ag cubic particle is performed by transmission
electron microscope (F30). The crystal structure was analyzed by X-ray
diffraction (40 kV, 80mA, Cu Ka) with a 2θ step size of 0.02. The
UV–visible spectroscopy (UV 2600 220V CH) was employed to in-
vestigate absorption spectra of the synthesized samples at a wavelength
rang of 200–700 nm.
3. Results and discussion
3.1. Structure of Ag nanoparticles
The concentration of PVP plays a vital role in tuning the mor-
phology of Ag nanoparticles. Fig. 2 shows various morphologies of Ag
nanoparticles including spheres, cubes, and a few types of triangles
under different concentrations of PVP. Spherical Ag nanoparticles in the
size of 10–40 nm were mainly produced while the PVP concentration
was lower than 18.0 mM, as observed in Fig. 2a and b. When the PVP
concentration increases up to around 45mM, Fig. 2c shows that cubic
structure appears due to the assembly of PVP molecules. In Fig. 2d–f, a
large number of cubic structures are generated along with further in-
creasing the concentration level of PVP. It may be attributed to the
tightly dense coverage of the Ag (100) plane with high concentration of
PVP molecules, resulting in a significant flux of Ag atoms preferably
moving to the Ag (111) plane. Finally, (100)-faceted nanocubes are
dominantly formed by the anisotropic growth effect.
3.2. Ag loaded graphene oxide
SEM and TEM images for the intercalated structure of cubic Ag
nanoparticles and GO sheets for rGO-Ag-2 are summarized in Fig. 3.
Cubic Ag nanoparticles are almost monodispersed and evenly dis-
tributed on GO nanosheet, which further avoids the agglomeration of
ultrafine Ag nanoparticles. Combined with SAED analysis in Fig. 3d, the
d-spacing of the as-prepared composite is evaluated as 0.24 nm by
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performing TEM, which is attributed to the (111) diffractive plane of
Ag. Meanwhile, the SAED pattern of rGO-Ag-2 nanocomposite shows
the characteristic rings of the fcc Ag (111), (200), (220) and (311)
planes caused by the high crystalline of the Ag-loaded GO nano-
composites [16]. The adsorption of PVP on the (100) crystal plane of Ag
inhibits the growth of the surface, leading to the acceleration of the
growth of other crystal faces to form a cubic structure. The rGO sheet
acts as a stabilizer to prevent the aggregation of Ag nanoparticles, so
that the obtained cubic Ag nanoparticles are riveted on rGO sheet. The
intercalation between graphene-based sheets and Ag nanoparticles fa-
cilitates the smoother transmission of photogenerated electrons by in-
creasing the number of surface active sites based on the uniformly
distributed Ag nanoparticles on the support, which could be beneficial
for the photocatalytic reduction of CO2 [17].
Fig. 4 shows the XRD patterns of Ag, GO and rGO-Ag-2. The peak of
GO at 10° in the curve (c) disappeared in the sample of rGO-Ag-2, and
the peaks at 26.6° and 54.2° are derived from the (002) and (004)
planes of graphene-based nanosheet, respectively, which is attributed
to the rGO and the graphite structure in the supporting materials of as-
prepared composite [18]. The peaks at 38.2°, 44.3°, 64.5°, 77.7° and
81.6° are assigned to the Ag crystals, corresponding to the (111), (200),
(220), (311) and (222) crystal planes of Ag (JCPDS index No. 41-1402),
respectively, which indicates the face-centered cubic structure of Ag
crystals. In the curve (b), the peak of the (111) crystal plane is sig-
nificantly enhanced compared to curve (a), indicating that the selective
adsorption of the PVP molecules to the Ag (100) crystal plane. There-
fore, it enhances the growth of (111) crystal plane. Besides, the (111)
crystal plane in curve (d) continues to increase, indicating that the
addition of the graphene-based material further contributes to the
dispersion of the Ag nanoparticles. A possible explanation is that rGO
might act as a stable dispersant for the uniform anchor of laser ablated
Ag nanoparticles, which significantly prevents the aggregation of Ag
nanoparticles [19]. Previous research has shown that graphene can act
as a stabilizer to assist the formation of stable metallic nanoparticle
colloids [20]. The stronger and narrower peak width of Ag peaks in
XRD pattern indicate the higher crystalline structure in the cubic Ag
nanoparticles under the collective effect of PVP and rGO.
Fig. 1. Schematic diagram of fabricating Ag-loaded graphene-based composite by laser ablation.
Fig. 2. Ag nanoparticles generated by laser ablation at different PVP concentrations. (a) 4.5 mM; (b) 9.0 mM; (c)18.0 mM; (d) 45.0 mM; (e) 90.1 mM; (f) 180.2 mM.
All scale bars are 1 μm.
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3.3. UV–visible absorption
Fig. 5a shows UV–visible absorbance spectra of Ag nanoparticles
with different structures under the influence of different concentrations
of PVP. The UV–visible absorption peaks of the three lower con-
centrations are consistently located at about 402 nm, which is a typical
plasmon resonance absorption peak for spherical Ag nanoparticle [21].
The absorption peaks of the three higher concentrations have been
found to be red-shifted at around 412 nm, which indicates that the
edges of the nanoparticle gradually increases from the sphere to the
cube [22]. And the increase in the size of the Ag nanoparticles also
results in the red shift [23]. In addition, the formation of anisotropic Ag
nanocrystals contributes to the asymmetry of UV–visible spectra of the
three higher concentrations. After loading Ag nanoparticles on the
graphene-based support, a sharp and prominent absorption peak of as-
prepared GO approximately at the wavelength of 230 nm is related to π-
π* transitions of aromatic C–C bonds, as shown in Fig. 5b, while n-π*
transitions of C]O bonds is corresponding to the shoulder at 300 nm
[24]. The absorption peak of as-prepared rGO-Ag-2 composite shifts to
250 nm, corresponding to the peak of reduced GO [22]. The weak peak
at 300 nm belongs to the remaining GO in the solution, indicating that
laser ablation could partially reduce the graphene oxide during the
fabrication [25]. This is corresponding to the XRD pattern where the
peaks of rGO at 26.6° and 54.2° could be observed in Fig. 4. Besides, in
the composite material rGO-Ag-2, the absorption peak of the Ag na-
nocubes was blue-shifted due to the reduced particle size of the Ag
nanocubes. The possible reason is that a longer ablation duration is
conducted for the composite, leading to the decrease of average na-
noparticle size by re-ablation of the existing nanoparticles [26]. In this
case, the intensity of irradiated laser on the surface of the Ag substrate
is partially absorbed by GO, leading to a decreased size of formed na-
noparticles [27].
3.4. Photocatalytic reduction of CO2
The photocatalytic activity for rGO-AgNP nanocomposites was
evaluated by the reduction of CO2. As reported previously, CO pro-
duction in a high selectivity can be achieved over Ag surface [28].
Therefore, the yield of CO is represented by the reaction rate of CO2.
Fig. 6 summarizes the photocatalytic activities of rGO-Ag-1 and rGO-
Ag-2 in CO2 reduction, compared to the pure GO and Ag nanoparticles
with 43.6 and 65.4 μmol g−1 h−1, respectively. While the reaction rate
of rGO-Ag-1 (with spherical Ag nanoparticles) and rGO-Ag-2 (with
cubic Ag nanoparticles) are obviously 2–3 times higher than those
control samples, achieving 120.1 and 133.1 μmol g−1 h−1, respectively.
It shows that there is a significant enhancement of photocatalytic re-
duction capability after the collaborative effect of the Ag nanoparticles
and GO. Also, the photocatalytic performance could be significantly
affected by the structures of Ag nanoparticles [22,29].
The main mechanism of the photocatalytic process is illustrated
schematically in Fig. 7. The π-π conjugated bond of rGO sheet surface
endows electrons with high mobility [30]. Thus it provides a good
platform to transfer photo-generated protons [31] and contributes to
the effective charge carrier separation during the photocatalytic pro-
cess. Under light irradiation, visible-light-excitable Ag nanoparticle
Fig. 3. (a–c) SEM images of cubic Ag nanoparticles loaded on rGO for rGO-Ag-2. Scale bars are 200 nm; and (d–f) TEM images of loaded cubic Ag nanoparticles.
Fig. 4. XRD patterns of (a) Ag nanoparticles without PVP; (b) Ag nanoparticles
synthesized with PVP (180.2mM); (c) original GO; and (d) rGO-Ag-2 nano-
composites synthesized with PVP (180.2 mM).
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surface induces surface plasmon resonance [32], then the generated
charge carriers (electron/hole pairs) can be spatially separated in the
existence of intimately contacted rGO. Typically, electrons in high
mobility can move cross the Ag/rGO interface and be injected into rGO.
The well isolated electrons are valid for CO2 reduction, and a higher
photocatalytic activity can be obtained in Ag/rGO nanocomposite [33].
When light irradiates the metal nanoparticle surface, it induces col-
lective oscillation for free electrons on the surface by coupling with the
electromagnetic waves. If the oscillation frequency of the electrons is
consistent with the frequency of the incident light, resonance appears.
The resonance of electromagnetic field energy can be converted into the
collective vibrational energy of free electrons, which could be re-
strained within the limited zone of the metallic nanoparticle surface,
transforming to the local heat and then being released to the dielectric
surface. The protons of Ag nanoparticle surface vibrate on its surface,
generating the local heat to etch the defects of rGO sheet surface [34].
When it happens on the sp2 carbon surface, protons can be highly
transferred, triggering the photocatalytic CO2 reduction to CO [35].
3.5. Mechanism of PVP directed structures of Ag nanoparticles
PVP is a well-known capping agent presenting excellent binding and
coating capacities. According to the studies from Qi et al. [36,37], PVP
is enabled to act as a structure-directing agent in the shape-selective
synthesis of colloidal Ag nanostructures due to the preferential binding
of PVP to Ag (100). During the laser ablation, plasma plume is formed
in the central region of the laser ablation and the clusters rapidly
coalesce to form ultrafine nanoparticles. The nitrogen atoms in the PVP
molecule hinder the oxidation of Ag+, and the oxygen atoms are closely
adsorbed on the (100) crystal plane of Ag nanocrystals, resulting in a
slow growth rate of the crystal face and thereby guiding an anisotropic
crystal structure [37,38]. When the Ag substrate was irradiated by laser
Fig. 5. UV–visible spectra of (a) Ag nanoparticles at different concentrations of PVP; (b) rGO-Ag-2 compared with pure Ag nanocubes and GO.
Fig. 6. Photocatalytic reduction of CO2 by rGO-Ag-1, rGO-Ag-2, Ag nano-
particles and GO.
Fig. 7. Mechanism diagram of photocatalytic reduction of CO2 by rGO-Ag-2 nanocomposites.
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in the PVP solution, atomic bonding and cluster agglomeration can be
triggered. On the other hand, the long molecular chain of PVP structure
can sufficiently inhibit the particle aggregation and continuous growth.
Moreover, the complexation between PVP molecules with the Ag atoms
or clusters leads to the preferential absorption of PVP on the (100)
crystal face of Ag, forming a characteristic face for cubic Ag nano-
particles with dominant (100) facet. When the concentration of PVP
molecules becomes lower, fewer nanoclusters are adsorbed, leading to
the spherical particles. By increasing the PVP concentration, Ag nano-
cubes gradually appear. Fig. 8 shows the schematic effect of PVP on the
formation of different structures for Ag nanoparticles. While increasing
the concentration of PVP, several assembly structures coexist. The
concentration of PVP has a significant effect on the morphology of Ag
nanoparticles. The formation of the cubic structure is attributed to the
adsorption of the PVP molecules on the surface (100) of the Ag crystal.
Nanoparticles are unable to grow on the surface due to the repulsive
force between the active molecules, leading to the formation of cubic
structure [39–41].
4. Conclusion
The surfactant PVP has been used to regulate the structure of Ag
nanoparticles during the laser ablation in aqueous solution. The con-
centration of PVP significantly affects the structural morphology of Ag
nanoparticles by preferable adsorption and assembly transformation.
The optimized PVP concentration generates the regular polyhedral
shaped Ag nanoparticles. Ag nanocube with a better dispersibility is
successfully fabricated by laser ablation, which is loaded on simulta-
neously reduced GO support to obtain rGO-Ag nanocubes composite.
The photocatalytic reduction rate of CO2 could be enhanced by 2–3
times for Ag-loaded GO nanocomposite compared to individual Ag
nanoparticles or graphene oxide, achieving 120.1 and
133.1 μmol g−1 h−1 for rGO-Ag-1 (with spherical Ag nanoparticles) and
rGO-Ag-2 (with Ag nanocubes), respectively. Moreover, the structural
shape of Ag nanoparticles is found to present a significant impact on
their photocatalytic activity, where cubic structure shows a superior
activity in CO2 reduction than spherical one due to the localized surface
plasmon resonance coupling between the interstitial metal nano-
particles by intense local electromagnetic field generated near their
sharp edges/vertices. In this case, it creates an electromagnetic hot spot
to form a charge transfer complex between the Ag nanocrystal and GO
sheet, which can absorb visible light better at the excitation frequency
for high-efficiency photocatalytic CO2 reduction.
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